Design. Cross-sectional, case-control.
Introduction
A pproximately 75% of long-term care facility residents and 50% of community-dwelling older adults experience chronic, non-malignant pain [1] . The impact of chronic pain is variable (e.g., sleep disturbance, mood disorders, decreased quality of life), complex, and can be synergistic with preexisting physical and emotional disorders and result in disability. Traditional strategies for assessing chronic pain-related disability focus on the direct effect of pain on physical function or on associated maladaptive psychosocial responses (e.g., depression, fear avoidance, catastrophic coping, impaired self-efficacy).
Recent findings from our laboratory suggest that traditional approaches to assessing chronic pain-related disability should be re-examined. We have explored the relationships among pain, neuropsychological performance (NP), and physical function in community-dwelling older adults with chronic low back pain (CLBP). Physical function and NP were significantly lower in individuals with CLBP compared to age-matched individuals without pain. Furthermore, in CLBP subjects, there was a significant correlation between pain and physical performance; however, this relationship was no longer significant when NP was taken into account [2] . These findings suggest that either NP mediates the relationship between pain and physical performance or that NP and physical performance share a common central nervous system pathway within the brain. Several studies suggest that cognitive decline [3, 4] and changes in brain morphology [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] are expected in aging and that there may be a relationship between brain atrophy and cognitive decline [17] . Studies that report these changes, however, do not report on pain status. The role of chronic pain in contributing to these functional and structural aspects of "normal" aging-associated brain changes is therefore unknown.
The primary purpose of this pilot study was to examine differences in brain structure in older adults with CLBP as compared with pain-free individuals. Our secondary goal was to explore the relationships among chronic pain, brain structure, and NP.
Methods

Participants
Subjects were recruited from the Pittsburgh Claude D. Pepper Older Americans Independence Center Registry and from participants in two of previous studies on CLBP in older adults. A two-part screening process (telephone interview and on-site evaluation) was conducted to select candidates.
Subjects were 65 years old or greater. Pain severity was screened using a pain thermometer [18] . CLBP was defined as pain in the lower back of at least "moderate" intensity every day or almost every day persisting for at least the past 3 months. "Pain-free" was defined as either no pain or only a "little" pain during the past 3 months that occurred less than once per week. In this study, all of the pain-free subjects indicated that they had experienced no pain during the last three months.
All subjects scored 24 or greater on the Folstein mini-mental state examination. Subjects were excluded if they had disorders with known effects on brain structure such as hypertension [19, 20] , diabetes mellitus [21] , major depressive disorder [22] , post-traumatic stress disorder [23] , or a cerebrovascular accident. Individuals were also excluded if they had a disorder that could impact neuropsychological testing, e.g., opioid use, history or evidence of traumatic brain injury with loss of consciousness, or other neuropsychological disorders such as Parkinson's disease, Alzheimer's disease, stroke, seizure disorder, cerebral tumor, or multiple sclerosis. Finally, participants were excluded if they had conditions that would make magnetic resonance imaging (MRI) performance unsafe (e.g., claustrophobia, metal objects in body). Of 72 subjects screened, 16 cognitively intact older adults-eight with CLBP (mean age: 69.9) and eight pain-free (mean age: 74.5 years)-met criteria for inclusion in the study and underwent further testing as described later. Of those participants excluded, 28 had hypertension, 20 had ineligible pain status (i.e., neither pain-free nor CLBP), one had a history of head trauma, two had depression, three had claustrophobia, and two had metal objects that precluded MRI.
Before undergoing brain MRI and neuropsychological testing, the following data were collected from all participants:
1. Demographic characteristics, including age, gender, and educational status. 2. Pain intensity, using the McGill Pain Questionnaire (short form) [24] . 3. Depressive symptoms, using the geriatric depression screen [25] . 4. Comorbidity, using the cumulative illness rating scale [26] , scored by summing all categories (excluding musculoskeletal) with moderate or greater severity [27] .
Brain Magnetic Resonance Imaging
A General Electric 3T scanner (Milwaukee, WI) with a standard birdcage head coil was used to
Chronic Pain, Aging, and the Braincollect two types of images: a 3-plane T1-weighted localizer and a T1-weighted highresolution spoiled gradient-recalled (SPGR) anatomical imaging sequence. The 3-plane T1-weighted localizer was used for slice prescription. The high-resolution SPGR anatomical scans were used for volumetric analysis. The parameters were matrix = 256 ¥ 256, 124 1.5 mm axial slices, FOV = 24, TE Minimum, TR = 0, flip = 15 with an interleaved acquisition.
Volume Measurements and Manual Tracings
Two of the investigators (NB and MWH), masked to participants' characteristics, performed all volume measurements and manual tracings. First, to correct for head size, total intracranial volume (ICV) was estimated using a previously described method [16] . Each brain was segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using the segmentation routine of an image-processing program, Statistical Parametric Mapping 2 (SPM2), which can be accessed at http://www.fil.ion.ucl.ac.uk. A summation of the segmented images was hand corrected for errors in order to exclude the sinuses, meninges, and other non-brain structures. The cerebellum and pons were masked and excluded so that all measures were based on supratentorial volume. Total supratentorial ICV was calculated by summing total corrected gray, white, and CSF volumes. The volume of the corpus callosum (CC) was measured using a variation on manual tracing [28] . We used in-house software implemented within the Mathlab environment (Mathworks, Sherborn, MA). The software provides three orthogonal views to define volumes of interest (VOIs) and plots of MRI intensity profiles across the three orthogonal axes at an intended point (e.g., a point within the CC). Upper and lower MR intensity thresholds were defined for the CC by sliding horizontal lines on the intensity plots, then voxels between the thresholds were displayed in a color scale and the remainder in a gray scale. Callosal voxels were registered by clicking a mouse button within the structure after manually disconnecting continuations of colored areas to structures other than the CC. The lower threshold was roughly at the middle intensity between white and gray matter intensities.
As the distinction between the edges of and transition between CC and general WM can be unclear, we used a semi-automated procedure. First, the brain was transferred from native space to an "upright" orientation in which the mid-plane was in the middle of the box containing the image volume and the anterior commissure (AC)-posterior commissure (PC) plane was horizontal. The volume of the CC was obtained using approximately the middle 10 mm of the CC to avoid the difficulty inherent in determining the periphery of the structure. This was accomplished by tracing the mid-saggital slice and seven slices lateral in both hemispheres. While this method limits the measurement of the dorsal and ventral aspects of the structure, our methods include more of the structure than is typically measured when only the single mid-sagittal slice is utilized [29] . The CC was divided into anterior (mainly the genu), middle (the body), and posterior (mainly the splenium) by the AC and PC planes. The volume anterior to the AC was labeled anterior, the volume posterior to the PC line was labeled posterior, and the remaining volume was labeled middle.
The prefrontal cortex was defined posteriorly by the most posterior aspect of the genu of the CC, as observed on the mid-sagittal slice. The same method was used as for the CC. A threshold was set for each subject to ensure that only GM was within the identified color range. Prefrontal voxels were registered by clicking a mouse button within the structure after manually disconnecting continuations of colored areas to structures other than the prefrontal GM. After all slices were completed, volumes were re-examined to manually exclude non-GM voxels and to include missing frontal GM voxels.
Regional Analysis and Voxel-Based Morphometry
Voxel-based morphometry (VBM) was performed using the optimized method with SPM2 [30] . First, a local template was created by normalizing each individual SPGR to the standard template using a combination of linear and nonlinear methods. These normalized volumes were averaged and smoothed with a 12 mm full-width halfmaximum filter. Then each individual SPGR was segmented into gray, white, and CSF volumes using the local template. The GM and WM volumes were then placed into standard space utilizing the local GM and WM templates using a combination of linear and nonlinear methods. Each volume was corrected for the effects of nonlinear normalization by multiplying each voxel by the Jacobian determinants derived during the spatial normalization step and smoothed with a 12 mm full-width half-maximum filter. A voxel by voxel search was then conducted for regions that were different between groups, with P set at <0.001, uncorrected, and a minimal number of contiguous voxels set at 10.
Neuropsychological Testing
All subjects underwent NP testing by a trained technician. The NP testing consisted of digit span (forwards and backwards), digit symbol substitution, letter-number sequencing from the Wechsler Adult Intelligence Scale-III [31] and the Trail Making Test Parts A and B [32] . Digit span forward and Part A of the Trail Making Test are primarily measures of basic attention. The remaining tests elucidate mental flexibility and working memory.
Statistical Analysis
Statistical methods included analysis of covariance and correlation analysis. There was a statistically significant difference in age between the CLBP and pain-free group (F[1,14] = 5.3, P < 0.05), with CLBP subjects being older (mean = 74.5) than those who were pain free (mean = 69.9). Therefore, age was used as a covariate in all analyses. Pearson product-moment correlations were used to examine the relationships between age and brain volume, cognitive performance and brain volume, pain duration and brain volume, and pain severity with brain volume. For the correlations with brain volume, we used the manual tracing values corrected for total ICV and also extracted the values from a 10 mm sphere centered around the peaks obtained from the VBM analysis.
Results
Participant characteristics are shown in Table 1 .
There were no differences in percent global GM or WM (Fs < 1) between CLBP and painfree groups, or in percent global CSF (P = 0.26). Between-group analyses revealed a non-significant trend toward decreased middle CC volume in the CLBP group compared to the pain-free group (1.44 E-03 +/-2.67 E-04, 1.63 E-03 +/-2.00 E-04: P = 0.09). There were no differences between groups for the percent of prefrontal GM or percent thalamic volume. To examine for an aging effect, we correlated percent global GM, WM, and CSF volumes with age. There were no significant correlations and no interaction of age by group for each of the volumes. There were no significant correlations between pain severity, pain duration, or education with these manual tracing brain volumes.
Regional analysis with VBM in the CLBP group demonstrated decreased GM volume (P < 0.001) in the posterior parietal cortex (x, y, z = -8, -64, 48, t = 4.46, voxels = 24; see Figure 1 ). There were no areas where the CLBP group had increased GM volume relative to the pain-free participants. Age did not significantly correlate with this area. In addition, the CLBP group had decreased cingulate WM volume (P < 0.001) superior to the middle CC of the left hemisphere (x, y, z = 10, -4, 56, t = 4.86, voxels = 116; see Figure 2 ). There were no areas where the CLBP group had increased WM volume relative to the pain-free participants. When a more conservative P value There were no significant correlations between pain severity or pain duration and brain volumes for the GM and WM peaks identified with VBM. Finally, the CLBP group performed significantly worse on forward digit span (P = 0.01). Correlation analysis (combining the groups) demonstrated no significant relationships between digit span forwards and any of the brain volumes, manual, or VBM.
Discussion
This is the first published study demonstrating an association between chronic pain and brain morphology in older adults. In particular, our findings suggest a relationship between chronic pain and changes in the posterior parietal cortex as well as the middle cingulate. Moreover, such changes were found in high-functioning older adults without other major comorbidities known to independently impact brain structure,
The strongest available evidence that chronic pain is associated with abnormal brain structure comes from a recent study, led by Apkarian, of younger CLBP patients in whom neocortical GM volume and density in the dorsolateral prefrontal cortex and thalamus was reduced as compared with pain-free controls [33] . Because neither the medication status of these individuals nor other medical comorbidities was revealed, the exact etiology of the changes described is unknown. It is possible that the brain changes demonstrated in this crosssectional study resulted from the pain itself, from medical illness, or from analgesics or other drugs whose mechanism of action involves the brain. Importantly, it is also possible that the changes were not a result of pain, but were instead a premorbid risk factor that predisposed to chronic pain [34] . The pattern of neuropsychological deficits in Apkarian's subjects (i.e., abnormal prefrontal processing but normal attention and short-term memory) as compared with our previously published findings in older adults [2] as well as the deficits in attention revealed in our present pilot study suggest that unique mechanisms may be involved in older adult chronic pain patients.
Others have recently demonstrated changes in GM of the somatosensory cortex in younger individuals with chronic back pain [35] . However, that study did not exclude opioids or psychotropic medications. Because analysis of these types of medications known to influence central nervous system function and morphology (e.g., opioids, antidepressants) was not provided, the extent of the association of the observed brain changes with pain itself cannot be determined. The differences in brain morphology in our subjects compared with those found in these younger chronic pain patients as well as those of Apkarian [33, 35] support the need to identify the unique mechanisms that drive chronic pain in older adults as distinct from those in younger individuals.
In addition, investigators have recently demonstrated a relationship between abnormal brain -8 Figure 1 Area of gray matter that was less in patients compared to controls (x, y, z = -8, -64, 48) displayed on a single subject normalized magnetic resonance imaging.
-10
Figure 2 Area of white matter that was less in patients compared to controls (x, y, z = 10, -4, 56) displayed on a single subject normalized magnetic resonance imaging. morphology and pain processing in older adults. Specifically, an association between pain affect and WM hyperintensities (WMH) was demonstrated in older adults with acute or chronic pain [36] . These results, however, may have been confounded by the presence of hypertension [19, 20] or depression [22] , which have been found to contribute independently to WMH.
The changes identified in the middle cingulate and posterior parietal regions of our CLBP participants have face validity. That is, both of these brain regions appear to play an important role in pain processing, and changes in these regions have been demonstrated in other pain conditions. Several studies have identified changes in the cingulate as well as in the parietal cortex in younger to middle-aged individuals with chronic headaches [37] and middle-aged women with fibromyalgia [38] . Functional imaging studies support the importance of the middle cingulate gyrus in acute pain. The middle cingulate gyrus is one of the most frequently activated cortical regions and the location of hemodynamic abnormalities in these studies [39] . Using activation and opioid ligand binding methods, functional imaging has demonstrated altered activity of the middle cingulate cortex in the setting of atypical facial pain [40] , rheumatoid arthritis [41] , and neuropathic pain [42] . Furthermore, the prevalence of altered activity and hemodynamic abnormalities within the middle cingulate cortex in patients with acute pain compared to pain-free subjects has led some investigators to propose that reduced middle cingulate cortex response is an adaptive cortical mechanism to acute pain that in turn contributes to the development of chronic pain [40, 41, 43, 44] . Vogt et al. also suggest that the middle cingulate cortex contributes to the selection of motor responses to acute pain [45] . The extent to which this theory can be applied to the processing of chronic pain is unknown, but may have important implications for understanding physical disability in older adults with chronic pain.
Although our CLBP participants were cognitively intact, they performed significantly more poorly on tasks demanding attention (digit span). The middle cingulate cortex in general is involved in the function of attention, having reciprocal connections with the lateral prefrontal cortex, parietal cortex, premotor, and supplementary motor areas [46, 47] . It is possible that WM degeneration results in an interruption of the pathways involved in attention. Because of the cross-sectional nature of our data, it is impossible to determine whether these changes are the result of tonic ascending activation or dysfunction of descending inhibitory signals. That is, we are unable to determine whether the degenerative structural changes in the middle cingulate are the result of disuse or overuse from processing pain signals.
The importance of the parietal cortex in pain processing has also been substantiated by several lines of investigation. Functional MRI studies and others demonstrate that the parietal lobe is involved in pain perception [48] [49] [50] [51] [52] [53] . Several clinical reports describe alterations of pain perception ranging from chronic hypoanalgesia or complete analgesia associated with infarcts [54, 55] to chronic central pain syndromes [56, 57] .
The morphological brain changes identified in our study are distinct from those that have been described as part of normal aging. Anterior brain regions, in particular the prefrontal cortex and anterior cingulate, are the regions most commonly identified as being associated with aging-related volume reduction [6, 58] . One study did demonstrate age-related parietal degeneration [12] . None of these studies, however, have taken into account the pain status of participants. Given the estimated 50% prevalence rate of chronic pain in older adults, including participants with chronic pain in studies of "normal" aging represents an important potential source of bias. Because we excluded participants with important age-associated comorbidities that can influence brain morphology, our data suggest that chronic pain, apart from age, may be associated with brain degeneration.
While our study had a number of strengths, its limitations should also be highlighted. The main shortcoming was the small sample size. The small sample size and the use of an uncorrected P value with the VBM analysis may have resulted in spurious findings. However, the lack of differences where pain subjects had greater brain volumes than controls, using the same uncorrected P value, supports our findings. Regardless, replication of the present VBM findings with a larger sample that would enable use of corrected P values is warranted. In addition, the small sample size may have contributed to the lack of relationship found between NP and brain morphology. Future studies that include larger numbers of participants are needed to corroborate and extend our preliminary results. These larger studies should also balance and/or stratify the groups by age rather than controlling for age in the statistical analysis. More sensitive measures of WM integrity such as diffusion tensor imaging should also be employed.
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Finally, a major limitation of our study is its crosssectional nature, which prevents us from determining whether the morphological brain changes identified are the result or the cause of chronic pain or some other unidentified factor.
Additional work in this field of investigation is clearly needed. Currently, the standard of care for chronic pain focuses on its direct physical and psychosocial effects. Understanding the magnitude of the influence of pain on the aging brain's structure and function, and in turn, on physical function, is needed before precise pathogenic mechanisms are understood and appropriately targeted treatment programs can be developed.
